This communication deals with a comparison of cardiac output in human subjects determined by the Fick method and estimates of cardiac output from arterial pressures according to formulas recently proposed by Hamilton, Remington, Starr and their respective associates. The results indicate that the cardiac output cannot be calculated from the blood pressure with any degree of accuracy.
T HE possibility of deriving the cardiac output from the blood pressure was first suggested by Erlanger and Hooker 1 in 1904. The principal methods that have since been devised for the calculation on a rational basis of the cardiac output from the arterial pressure pulse have involved estimations of the volume and of the distensibility of the arterial tree, and of the amount of blood leaving the arterial system during systole. These methods, pioneered by Frank and his school, are complex and in practice involve various empirical factors. They have been summarized and reviewed by Wiggers, 2 who has pointed out that they do not give good agreement with values for the cardiac output obtained by other methods. Remington, Hamilton and their colleagues, 3 have suggested that simple empirical formulas give values for the cardiac output which are as accurate as those which they obtained by the more complex calculations. They derived a series of volume factors for each level of blood pressure. The stroke index was obtained by subtracting the volume factor for the diastolic pressure from that for the systolic. Hamilton 4 also claimed that the pulse pressure in millimeters of mercury was approximately equal to the From Cardiac Department, Guy's Hospital, London, Kngland.
Received for publication May 3, 1957. stroke index in milliliters per square meter. More recently, Starr et al. B have described empirical formulas by which stroke volume may be calculated from age and blood pressure, measured through an intra-arterial needle or by sphygmomanometry. The present investigation was undertaken to assess the accuracy of these empirical formulas when used on data other than those from which they were derived.
METHODS AND MATERIAL
The cardiac outputs measured by the Fick method at cardiac catheterization were compared with the values calculated from the blood pressure in 53 patients investigated in Guy's hospital and 54 studied in other centres, the formulas of Starr et al., Hamilton, and Remington et al. being used. In all subjects a direct recording of the arterial pressure was obtained simultaneously with the output observations.
The subjects studied were selected so as to exclude patients with the following conditions for reasons stated:
Aortic Incompetence. In this condition the Fick method measures the forward flow and the blood pressure is a product of the forward and the regurgitant flow.
Congestive Cardiac Failure. Remington and his colleagues 3 have found that the distensibilitj-of the arterial tree is greatly altered under these circumstances.
Arteriovenous Fistulas. There are liable to be considerable differences between the blood pressure distal to the fistula and that recorded elsewhere.
BLOOD PRESSURE MEASUREMENTS OF CARDIAC OUTPUT
Severe Arteriosclerosis. Formulas derived from observations made on healthy arteries are unlikely to be applicable in the presence of arteriosclerosis. Patients in whom arteriosclerosis was reported to be the principal or only lesion were placed in this category. No Guy's hospital patient was rejected on this account.
An Arteriovenous Oxygen Difference Less than 2.0 ml.1100 ml. The Pick method tends to be unreliable under these circumstances.
A comparison was also made of the mean of the cardiac outputs measured by the Fick and blood pressure methods in groups of comparable patients, the data already obtained in individual subjects being used for this purpose. In 45 patients, comparisons were made of the effects of exercise on the cardiac output, as measured by the Fick and blood pressure methods.
RESULTS
The results (table 1) showed that the best agreement was obtained when the method devised by Remington et al. was used. The mean of the differences between the cardiac outputs measured by the Fick method and calculated from the blood pressure, using the methods of (table 2) . Using the other two methods, these differences were 1.2 L./min. or less. Comparison of the cardiac outputs measured by application of the Fick principle with those calculated by the method of Remington et al. demonstrated differences of 2 L./min. or less in over two-thirds and 1 L./min. or less in approximately half of the patients (table 1). The differences are not related to the magnitude of the resting cardiac output as measured at cardiac catheterization. In fact, there is some tendency for the agreement between the two methods to be better when the Fick output is high. The proportions in which the blood pressure results were within 1 or 2 L. of the Fick outputs were slightly less with the methods of Starr et al. and of Hamilton.
Somewhat better results were obtained when the mean of the resting cardiac outputs of groups of patients were compared (table 2) . The method of Remington et al. was again the most satisfactory, the differences being less than 2 L./min. in all 8 series.
When the cardiac outputs measured during exercise by the Fick and the blood pressure methods were compared, the differences were found to be slightly greater than those obtained at rest, both when the individual outputs (table 1) and the mean outputs of groups of patients (table 2) were considered. The results obtained with Hamilton's formula were less satisfactory than those obtained by the method of Remington et al. With the latter method the differences between the cardiac outputs measured by the Fick method and those calculated from the blood. pressure were less than 2 L./min. in two thirds of the patients and less than 1 L./min. in one-third. Lack of agreement was particularly noticeable in the patients with severe mitral stenosis. The cardiac output was shown by the Fick method to be nearly fixed, but an apparently substan- tial increase was calculable from the blood pressure. The Starr formula was not used to calculate the exercise outputs as the resting outputs calculated with it were consistently the least accurate. Hamilton 4 suggested that a patient's blood pressure could be "calibrated" against a single measurement of the cardiac output by another method. For example, a patient with a pulse pressure of 30 mm. and a stroke index of 60 ml./M. 2 would have a "calibration factor" of 2. Using the calibration factor, changes in cardiac output could be assessed accurately from changes in pulse pressure. The cardiac output was calculated in 45 patients, using Hamilton's own method without modifications, i.e., 1 mm. Hg pulse pressure-stroke index of 1 ml./M. 2 The mean cardiac output differed from that measured by the Fick method by 4.7 L./min. This difference is reduced to 3.6 L./min. by the use of the suggested calibration factor, but is still much greater than that obtained with the method of Remington et al. Using the latter, the mean of the differences between the Fick and "blood pressure" outputs during exercise was found tobe2.6 L./min. Introducinga "cali-bration factor," calculated bj r dividing the resting Remington output by the resting Fick output, increases it to 3.4 L./min.
The direction of the changes in the cardiac output with exercise that were demonstrated by the Fick method and calculated from the blood pressure was compared in these 45 patients. The examination was confined to the method of Remington et al. which had consistently given the least inaccurate results. In 1 the direction of the output as measured by the Fick method did not change and in 2 there was a slight fall. The output when calculated from the blood pressure fell slightly in the former and rose in the latter 2 subjects. In the remaining 42 a rise in output was demonstrated by both methods. A fall in cardiac output during recovery from exertion was demonstrated by both methods in the 20 subjects, in whom postexercise observations had been made. The blood pressure method revealed the direction of change correctly on 95 per cent of occasions.
DISCUSSION
Calculations of blood pressures from stroke volumes by applying the Starr formula in re-verse shows that it is likely to break down when the cardiac output is high. In a subject of 30 with, for example, a heart rate of 80 and a diastolic pressure of 80 mm. Hg, a pulse pressure of over 120 mm. Hg would have to be present for a cardiac output of 8.0 L./min. to be calculable. Even with the modified formula subsequently introduced by Starr, 8 the pulse pressure would have to be over 100 mm. Hg. Comparison with Starr's equations for deriving cardiac output from the auscultatory blood pressure shows that the use of the modified formula presupposes that the auscultatory pulse pressure is greater than, and the diastolic pressure less than the values measured directly. This is not the case 9 either when the point of muffling or the point of disappearance of the Korotkow sounds is used when measuring the diastolic pressure by auscultation. If anything, the exact converse is true. The use of Starr's modified formula would therefore appear to be illogical. The present results, which show that accurate output measurements are not obtainable by the Starr method, are in agreement with the findings of Bridwell et al. 10 Remington and his colleagues 4 have shown that the distensibility of the arterial system diminishes at high pressures. It is not therefore surprising that their method, which takes this into account, gives results that are somewhat better than those obtainable by the method suggested by Hamilton.
Even the cardiac outputs calculated from the blood pressure by Remington and his colleagues' method are not sufficiently accurate to justify its use in individual patients. The differences appear to be completely random. There is no consistent tendency, for instance, for high outputs to be underestimated and low outputs to be overestimated. The results are not improved by excluding patients over 40 years of age, or patients with abnormalities of rhythm. Wide differences between the outputs measured by the Fick method and calculated from the blood pressure were observed in patients of either sex. In view of the careful exclusion from the present study of various categories in which the blood pressure was considered unlikely to reflect the cardiac out-put accurately, the results are doubly disappointing.
The random nature of the differences suggest that better results could not be obtained by introducing any modifications. An appreciable number of patients have low cardiac outputs and large pulse pressures or high cardiac outputs and small pulse pressures. The blood pressure is not solely dependent on the stroke volume. Variables which have to be considered include the relative lengths of systole and diastole, the volume and the distensibility of the arterial tree and the resistance offered to blood flow from the larger vessels into the arterioles. It would appear that the combined effect of these factors and, perhaps more important, their variability from subject to subject and in the same subject under different conditions, is such that accurate calculation of the cardiac output from the blood pressure is not possible.
In the majority of patients there is a rough relationship between the pulse pressure and the systemic blood flow, so that when the mean cardiac outputs of groups of patients are calculated, using the blood pressure method, the results are somewhat more accurate than those obtained in individual subjects. Even this, however, may well be in part a reflection of the random nature of the differences between the outputs measured by the Fick method and calculated from the blood pressure in individual patients. The results obtained in groups of patients are not dependable enough to warrant use of a blood pressure method in, for example, subjects of a particular age or in patients with a particular disease condition.
Changes in pulse pressure are generally regarded as indicating a change in cardiac output. The changes in the cardiac output with exercise that were calculated from the blood pressure in the present study tended in individuals to differ from the Fick values to an extent which makes the results quantitatively unreliable. The direction of change of cardiac output indicated by the blood pressure method is apparently dependable and in this would appear to be its sole value. Increases or decreases in stroke volume are frequently deduced from changes in systemic arterial pulse pressure. The present findings show that, when allowance is made for concomitant changes in diastolic pressure, these deductions are, in fact, justified.
SUMMARY
The cardiac outputs measured by application of the Fick principle have been compared in 107 subjects with values calculated from the blood pressure, using various empirical formulas. The best agreement was obtained with a formula which made allowance for the diminishing distensibility of the arterial system with increased pressure.
The results obtained are considered too inaccurate to justify use of the method in measurement of the cardiac output. Even when the mean cardiac outputs of groups of comparable subjects are calculated, considerable differences between the results obtained by the Fick and blood pressure methods are found. The random nature of the discrepancies suggest that the results cannot be improved by modification of the existing formulas.
The direction of output change with varying conditions can be gaged accurately in individual subjects from changes in pulse pressure.
SUMMAELO IN LXTERLINGTJA
Mesurationes del rendimento cardiac per medio del principio de Fick esseva comparate in .107 subjectos con calculationes del rendimento cardiac super le base del pression sanguinee secundo varie formulas empiric. Le melior accordo esseva notate in le uso de un formula que prende in consideration le diminution del distensibilitate del systema arterial in le presentiadeaugmentatepressiones.
Le resultatos obtenite es considerate como troppo inexacte pro justih'car le uso del methodo in Je mesuration del rendimento cardiac. Mesmo le valores medie del rendimentos cardiac in gruppos de subjectos de typo comparabile exhibi considerabile differentias inter le resultatos del methodo de Fick e del methodo de pression de sanguine. Le natura erratic del differentias pare indicar que le resultatos non pote esser meliorate per un modification del formulas nunc existente.
Le direction in que le valores del rendimento es alterate sub varie conditiones pote esser correctemente deducite ab alterationes del pression del pulso in subjectos individual.
